Nerve growth factor (NGF) causes the differentiation of PC12 cells to sympathetic neuron-like cells and also induces a rapid but transient expression of fos mRNA and protein. fos mRNA transcripts can be detected 5 min after the addition of NGF, are maximally abundant after 30 min, and then their levels decrease. fos protein synthesis parallels the expression of fos mRNA, and the induced fos proteins are located in the nucleus. cAMP, epidermal growth factor, the phorbol ester phorbol 12-myristate 13-acetate, and K+ depolarization also induce thefos gene. Growth of PC12 cells in the presence of dexamethasone, which induces differentiation into chromaffim-like cells, is not accompanied byfos expression. We propose that while fos gene induction is associated with the differentiation of PC12 cells to sympathetic nerve, its enhanced expression is primarily involved in the anabolic responses induced by NGF and many growth factors.
It is the general consensus that proto-oncogenes are involved in the regulation of cell growth and differentiation (1) (2) (3) . They are conserved during evolution and expressed in a tissue-and stage-specific manner during development (3) (4) (5) . The expression of some proto-oncogenes is induced when resting cells proliferate in response to mitogens (6) (7) (8) (9) . A direct link between proto-oncogenes and cell-growth regulation was established when it was discovered that the proto-oncogne sis encodes the B chain ofplatelet-derived growth factor (PDGF) and erbB gene product is a truncated form of epidermal growth factor (EGF) receptor (10) (11) (12) (13) . We have been studying the proto-oncogenefos, whose viral cognate, v-fos, is the transforming gene of two murine retroviruses that induce osteosarcomas in vivo and transform fibroblasts in vitro (14) (15) (16) (17) . The viral and cellular fos proteins differ at their COOH termini, but both are found in the nucleus and both induce transformation (18) (19) (20) . Finally, the expression offos is inducible in response to mitogens and certain differentiation-specific agents (21) (22) (23) .
To investigate further the role of fos gene in growth and differentiation, we have studied its induction by nerve growth factor (NGF) in the clonal rat pheochromocytoma cell line, PC12. In the presence of NGF, PC12 cells acquire properties of sympathetic neurons, including neurite outgrowth (24) , increased electric excitability (25) , and changes in neurotransmitter synthesis (26) . NGF may also act as a weak mitogen in these cells (27) . In contrast to the effect of NGF, when PC12 cells are grown in the presence of dexamethasone, they acquire the characteristics of chromaffin cells (28) . We report here that the fos gene is rapidly and transiently expressed when NGF is added to PC12 cells, but no expression ofthefos gene is detected in PC12 cells upon the addition of dexamethasone.
MATERIALS AND METHODS
PC12 cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal calf serum and 5% horse serum as described (28) . For induction, the culture medium was aspirated and replaced by N2 medium (29) . Exponentially dividing cultures were used at a density of 5 x 106 cells per 100-mm culture dish. /3-NGF was used at 50 ng/ml.
Total cellular RNA was isolated by the method of Chirgwin et al. (30) , and was analyzed by electrophoresis through 0.8% agarose/formaldehyde gels (31), followed by RNA blot transfer to nitrocellulose (32) and hybridization to radioactive fos probe as described (17, 22, 33) .
For immunoprecipitation, PC12 cells were labeled for 20 min in 5 ml of N2 medium with reduced methionine with
[35S]methionine at 0.1 mCi/ml (New England Nuclear; 600-1000 Ci/mmol; 1 Ci = 37 GBq). The cultures were washed with ice-cold Tris-buffered saline and lysed with 1.0 ml of RIPA buffer (0.15 M NaCl/1% Nonidet P-40/1% sodium deoxycholate/0.1% NaDodSO4/2 mM EDTA/100 units of Trasylol per ml/10 mM sodium phosphate, pH 7.0). Lysates were clarified at 20,000 x g for 60 min at 4°C and incubated with either M2 peptide antiserum (34) or normal rabbit serum. The M2 antiserum is directed against a synthetic peptide of residues 127-152 of the fos protein. After 1 hr at 0WC, 25 Ag of Pansorbin (Calbiochem) was added for 30 min. Immunoprecipitates were centrifuged through a solution of 10% (wt/vol) sucrose in RIPA buffer and then washed repeatedly by centrifugation in RIPA buffer (35) . Precipitates were analyzed on 8% polyacrylamide gels (36) (37) (38) .
RESULTS
Induction of fos mRNA and Protein by NGF. Addition of NGF to proliferating subconfluent cultures of rat PC12 cells results in a rapid induction of fos mRNA (Fig. 1) (8) . In addition to the main 2.2-kilobase fos mRNA transcript (Fig. 1 
32P-labeled v-fos probe (17).
neous with apparent molecular masses between 55 and 65 kDa ( Fig. 2A) . Little or no fos protein synthesis could be detected 240 min after induction (lane 10). Two proteins of 39 and 37 kDa were coprecipitated with fos protein by immune serum but not by nonimmune serum (lanes 4 and 6). We have previously shown that boiling of cell lysates in 0.5% NaDod-S04 prior to precipitation with M2 antiserum prevented precipitation of p39 and p37, suggesting that these proteins are complexed with fos proteins (34) . Low amounts of the p39/37 were precipitated 16 hr after NGF addition, indicating that small amounts of fos proteins were present at later times (data not shown). It is possible that late after induction, the fos proteins are too heterogeneous, due to postsynthetic modification, to be detected by gel electrophoresis (20) .
fos proteins have previously been localized in the nucleus (20) . To determine whether the NGF-induced fos proteins are also nuclear, we fractionated cells into nuclear and cytoplasmic compartments 30 min after exposure to NGF. Fig. 2B shows that induced fos proteins are primarily located in the pellet (nuclear) fraction (lane 5). No fos protein could be detected if the antiserum was first incubated with M2 peptide (Fig. 2B, lanes 4 and 6) .
Induction offos by Dibutyryl cAMP (Bt2cAMP) and cAMP.
Binding of NGF to its cell-surface receptors causes a rapid (within minutes) and transient increase in intracellular cAMP levels (39, 40) . Increasing intracellular cAMP in PC12 cells by means other than NGF causes neurite outgrowth, enzyme inductions, and protein synthesis and phosphorylations that are qualitatively identical to those observed with NGF, indicating that cAMP may act as a second messenger in the NGF response (41) . We therefore analyzed the effect of cAMP and its functional derivative Bt2cAMP on fos mRNA and protein expression. Addition of Bt2cAMP to proliferating PC12 cells induces thefos gene, although with slightly slower kinetics than NGF. Fig. 3A shows that the fos mRNA is maximally abundant after 60 min as compared to 30 min in cells induced with NGF (Fig. 1) (40) . It causes an influx of Ca2+ ions, which can directly stimulate neurite extension in PC12 cells (39) (40) (41) . K+ (50 mM) induced the fos RNA with similar kinetics as Bt2cAMP (compare Fig. 3 A and B) . Since K+ depolarization does not lead to an increase in cAMP, these data show that fos activation can occur in the absence of an increase in intracellular cAMP.
PC12 cells contain distinct cell-surface receptors for EGF and NGF (43) . Although EGF does not cause neuronal into cells with characteristics of sympathetic ganglion cells, and by corticosteroids to cells that resemble chromaffin cells. Addition of dexamethasone to PC12 cells suppresses acetylcholine synthesis, increases catecholamine synthesis, and the cells acquire the ultrastructural characteristics of chromaffin cells, including large catecholamine storage vesicles (28) . Neither fos mRNA (Fig. 3D) 4, 6, 10, and 12 ). In the chromaffin-like cells, NGF is less effective than Bt2cAMP
DISCUSSION
The above data show that fos mRNA and protein are rapidly induced in response to NGF. cAMP, which has been implicated as a functional intermediate in NGF action (41) , also induces the synthesis of fos mRNA and protein. In addition, EGF, PMA, and K+ depolarization induce fos gene expression, while insulin is ineffective (Figs. 3 and 4 ; data not shown). Nofos expression is observed when PC12 cells are induced to differentiate into chromaffin-like cells by glucosteroids, suggesting that expression of the fos gene in the alternative differentiation pathways is specific (Fig. 3) . Dexamethasone did not blockfos expression; cells treated for 5 days with dexamethasone, and then exposed to NGF or Bt2cAMP, synthesize fos proteins (Fig. 5) .
What is the mode of fos induction? NGF, EGF, PMA, cAMP increase, and K+ depolarization all rapidly stimulate the phosphorylation of PC12 tyrosine hydroxylase at one or more of four distinct sites in the enzyme (46) . The phosphorylation of only one site is stimulated by PMA, but the PMA-stimulated site is also phosphorylated in response to cAMP, EGF, NGF, and K+ depolarization. This site is not phosphorylated in response to insulin. Since PMA is a fairly specific activator of protein C kinase (47) , and since all conditions that cause the protein C kinase-specific phosphorylation of tyrosine hydroxylase peptides also increase fos expression, it follows that protein C kinase may be involved in fos induction.
Isfos involved in PC12 differentiation? Since NGF, cAMP, or high exogenous K+ all lead to both morphological differentiation (neurite outgrowth) and the transient synthesis of fos mRNA and protein, it is likely thatfos plays some role in the NGF response. Dexamethasone-treated cells, which differentiate to chromaffin-like cells, do not express fos. However, EGF and PMA, which do not induce neurite outgrowth, induce rapid and transient fos gene expression, and cells that have already entered either differentiation pathway can be induced to express fos upon the addition of NGF or cAMP (Fig. 5) . We surmise that whilefos expression is not sufficient to induce neurite outgrowth, its expression may be necessary for this to occur. All of the reagents and conditions that induce fos in PC12 cells also cause a rapid increase in overall metabolism-an anabolic response. NGF, EGF, PMA, and increased K+ all increase ATP levels, nutrient and ion transport, and the rate of macromolecular synthesis (see, for example, refs. [48] [49] [50] [51] [52] . This anabolic response is thought to be causally associated with both growth factor-induced mitogenesis and tumoongenesis (see, for example, refs. 49 and 51) .
fos proteins may play a role in cell proliferation, for they are rapidly induced when cells traverse from Go to G1 (7) (8) (9) .
In vivo, NGF is required for the growth and survival of neurons. In PC12 cells, NGF is not required for survival, but very low amounts may be required for growth. The fos protein can cause the transformation of fibroblasts in vitro (19) . We do not know if the fos protein will cause the transformation of neurons. It is, however, tempting to speculate that the cell may have devised a mechanism of fos regulation that allows only transiently increased synthesis of fos protein during a normal growth response, because sustained synthesis of fos protein may lead to cellular transformation.
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